22 42 Methods 99 Leipzig floodplain hardwood forest and canopy crane facility 100 Leaf samples were obtained from three tree species -Q. robur L. (oak; Qr), A. 101 pseudoplatanus L. (maple; Ap), and T. cordata MILL. (lime; Tc) -in the Leipzig floodplain 102 hardwood forest, located near the city of Leipzig in Germany (Fig. 1a). Situated in the 103 floodplain of the Elster, Pleiße and Luppe rivers, the Leipzig floodplain forest is one of the 104 largest floodplain forests in Central Europe (Müller 1995). Climatic conditions are 105 characterized by warm summers and an annual mean temperature of 8.4°C with an annual 106 precipitation of 516 mm (Jansen 1999). The forest consists of the ash-elm floodplain forest 107 (Fraxino-Ulmetum) and is dominated by maple (A. pseudoplatanus L.), ash (Fraxinus 108 excelsior L.), oak (Q. robur L.), and hornbeam (Carpinus betulus L.), with smaller contribution 109 of lime (T. cordata MILL.) and elm (Ulmus minor MILL.) (Otto and Floren 2010). A crane 110 facility (Leipzig Crane facility, LCC) for the investigation of forest tree canopies was 111 established in this floodplain forest in 2001, allowing access to about 800 tree individuals in 112 up to 33 m height, covering a total area of 1.65 ha (Fig. 1A). Different positions within the 113 tree canopy were accessed by using a gondola attached to the crane. We sampled leaf 114 material from the top, mid, and bottom position of the tree canopy. Depending of the height of 115 individual trees, these positions ranged from 27.0-30.7 m, 18.6-26.3 m, and 12.9-23.2 m, 116 respectively (Fig. 1b) . 117 118
The phyllosphere is a challenging microbial habitat in which microorganisms can flourish on 23 organic carbon released by plant leaves but are also exposed to harsh environmental 24 conditions. Here, we assessed the relative importance of canopy position -top, mid, and 25 bottom at a height between 31 m and 20 m -and tree species identity for shaping the 26 phyllosphere microbiome in a floodplain hardwood forest. Leaf material was sampled from 27 three tree species -maple (Acer pseudoplatanus L.), oak (Quercus robur L.), and lime (Tilia 28 cordata MILL.) -at the Leipzig canopy crane facility (Germany). Estimated bacterial species 29 richness (Chao1) and bacterial abundances approximated by quantitative PCR of 16S rRNA 30 genes exhibited clear vertical trends with a strong increase from the top to the mid and 31 bottom position of the canopy. 30 Operational Taxonomic Units (OTUs) formed the core 32 microbiome, which accounted for 77% of all sequence reads. These core OTUs showed 33 contrasting trends in their vertical distribution within the canopy, pointing to different 34 ecological preferences and tolerance to presumably more extreme conditions at the top 35 position of the canopy. Co-occurrence analysis revealed distinct tree species-specific OTU 36 networks, and 55-57% of the OTUs were unique to each tree species. Overall, the 37 phyllosphere microbiome harbored surprisingly high fractions of Actinobacteria of up to 46%. 38
Our results clearly demonstrate strong effects of the position in the canopy on phyllosphere 39 bacterial communities in a floodplain hardwood forest and -in contrast to other temperate or 40 tropical forests -a strong predominance of Actinobacteria. 41
Introduction 45
The phyllosphere is an important microbial habitat which spans about 10 8 km 2 on a global 46 scale (Lindow and Brandl 2003) . It is host to central biogeochemical processes as well as 47 plant-microbe-interactions that affect plant community dynamics, and ecosystem functioning 48 and productivity (Vorholt 2012 However, the phyllosphere is also a harsh environment where microorganisms are exposed 62 to extreme conditions such as high UV radiation, desiccation, rainfall, antimicrobial 63 substances released by leaves, and strong nutrient limitation (Bringel and Coué 2015). 64
Altogether, these environmental parameters positively select for the bacterial taxa that are 65 able to persist on leaves (Knief et al. 2010). As a consequence, phyllosphere bacterial 66 diversity has been shown to be much lower than diversity of the rhizosphere, soil or marine 67 Here, we hypothesize that (i) forest trees harbor species-specific phyllosphere bacterial 88 communities, and that (ii) microbial communities at the treetop are the most distinct, as they 89 are the most exposed to abiotic stress factors. Taking advantage of the Leipzig canopy crane 90 facility located in central Germany, allowing us to sample leave material from up to 33 m 91 height, we compared phyllosphere microbial communities between three different tree 92 bottom canopy, which were further modulated by plant species identity. 97 6 had been sampled, subjected to mild sonication (1 min at 10% intensity, turned and another 126 1 min at 10% intensity), followed by shaking for 20 min at 100 rpm at room temperature. 127
Subsequently, suspensions were filtered through 0.2 µm polyethersulfone filters (Supor, Pall 128
Corporation), and filters were stored at -80°C until nucleic acid extractions were performed. 129
The remaining leaf material was dried at 50°C for one week for determination of dry weight. and position in the canopy, bacterial 16S rRNA gene abundances ranged from 6.8 x 10 6 to 190 3.2 x 10 9 g −1 (dry weight) ( Fig. 2b ). The lowest abundances were observed in association 191 with oak and the highest in association with lime. 192
In line with these findings, PERMANOVA analysis based on Euclidean distance revealed that 193 position in the canopy as well as tree species had a significant effect on phyllosphere 194 bacterial community structure (p = 0.0001) with canopy position explaining 15% and tree 195 species identity explaining 11.6% of the total community variation (Fig. 3b ). In addition, 196
interactions between these two factors also had a significant effect (p = 0.0059). The composition between these two tree species (Fig. 3a) . In contrast, for the mid and bottom 202 position of the canopy, we observed minor clustering of communities according to tree 203 species but also large overlaps. For each tree species, communities of the mid and bottom 204 9 position were more similar to each other than they were to the communities at the top of the 205 canopy. In fact, for all three tree species together, the fraction of OTUs shared between the 206 top and mid canopy position (15 -19.4%) or the top and bottom canopy position (15.5 -207 20.5%) was significantly lower than the fraction of OTUs shared between the mid and bottom 208 position (19.4 -25.1%; Mann-Whitney-U-test, p = 0.00172) ( Supplementary Fig. 1) . 209 210
Composition of the hardwood forest canopy microbiome 211
The phyllosphere bacterial communities associated with all three tree species were largely 212 dominated by Actinobacteria, Bacteroidetes, Alphaproteobacteria, and 213
Gammaproteobacteria which together accounted for at least 95% of the sequence reads in oak for the bottom position of the canopy (pairwise Mann-Whitney-U test; p = 0.008 and p = 228 0.006, respectively) and, compared to oak, also for the top position of the canopy (p = 0.004). 229
In turn, the relative fraction of Gammaproteobacteria mostly represented by 230
Burkholderiacaea, Enterobacteriacaea, Diplorickettsiacaea, and Pseudomonadaceae tended 10 to decrease from the top towards the bottom of the canopy for all three tree species (Figure  232 4), however, these trends were not significant ( Supplementary Fig. 2 ). Bacteroidetes, 233
represented mostly by the families of Hymenobacteraceae and Spirosomaceae, did not show 234 any obvious changes in relative abundance with canopy position on the phylum level. Supplementary Fig. 3 ). In turn, several OTUs decreased in relative abundance towards the 244 mid and bottom position of the canopy for all three tree species, e. g., OTU09 (Massilia), 245 OTU10 (Hymenobacter), OTU15 (Methylobacterium), and OTU17 (Kineococcus). 246
In the next step, we subjected relative abundances of these 20 OTUs across all samples to 247 hierarchical clustering to further identify their preferential association with canopy position or 248 a particular tree species. In general, clustering patterns according to tree species appeared 249 to be less pronounced than those according to canopy position and confirmed the 250 preferential association of OTU01 with bottom and mid canopy positions of oak and maple 251 and its clear distinction from the distribution patterns of the other abundant OTUs (Fig. 5) . To further investigate the effect of tree species on the phyllosphere bacterial communities, 260 we merged all the OTUs observed in association with a given tree species in the different 261 samples to one OTU pool and compared the resulting three tree species-dependent OTU 262 pools to each other. For each tree species, about 55-57% of the OTUs were unique to that 263 tree species, while a fraction of 26-29% was shared between all three tree species. Maple 264 and oak shared a slightly higher fraction of OTUs between their phyllosphere microbiomes 265 (36-37%) compared to the fraction shared with lime (33 -34%) ( Supplementary Fig. 4) . 266 30 species-level OTUs from four different phyla and 13 different families were present across 267 all tree species and individuals, canopy positions, and spatial replicates, forming the 268 phyllosphere core microbiome. Altogether, these 30 OTUs accounted for 77% of the 269 sequence reads but only for 0.3% of the observed phyllosphere bacterial diversity, indicating 270 that the phyllosphere communities were strongly dominated by these core microbiome 271
representatives. Among the core microbiome members, Hymenobacteraceae (Cytophagales, 272
Bacteroidetes) contributed the largest number of OTUs, followed by Burkholderiaceae 273 (Betaproteobacteriales, Gammaproteobacteria) and Beijerinckiacaea (Rhizobiales, 274 Alphaproteobacteria). 275
In the next step, we analyzed the interconnection of these core microbiome OTUs within the 276 microbial communities associated with each tree species. Communities were subjected to 277 co-occurrence network analysis, which revealed substantially different networks for each tree 278 species (Fig. 6 ). We obtained networks with 156 nodes and 332 links for maple, 216 nodes 279 and 258 links for oak, and 161 nodes and 365 links for lime. Notably, co-occurrence 280 networks of the oak phyllosphere microbiomes showed the largest fraction of negative 281 interactions (44.2%), while negative interactions accounted for only 11.1 or 20.3%, 282 respectively, of all interactions in the phyllosphere OTU network of maple and lime. Across 283 samples, OTU01 was not only the OTU with the highest relative abundance but also among 284 the top five OTUs with the highest number of links to other OTUs within the maple and oak 285 canopy. In contrast, OTU01 was less strongly connected in the phyllosphere of lime, 286 coinciding with its lower relative abundance in association with that tree species. Overall, 287 OTU01 exhibited mostly positive links to other OTUs. However, these associated OTUs 288 differed substantially across tree species. For the oak phyllosphere, 63% of the OTUs 289 associated with OTU01 were also Actinobacteria, while Proteobacteria dominated the 290 Co-occurrence network analysis revealed that the three tree species did not only differ in 363 their bacterial community structure and OTU composition but also in the patterns how these 364
OTUs were connected to each other across tree individuals, canopy position, and spatial 365
replicates. The observed larger fraction of negative interactions between OTUs in association 366 with oak may point to stronger vertical gradients within the oak canopy or larger variation 367 15 across individuals of the same tree species. Moreover, OTUs with a central position in the 368 network, e. g., by multiple connections to other OTUs, differed between tree species. These 369 findings suggest that plant host-related factors and the chemical environment that they shape 370 select for specific microbial core consortia that are strongly tree species dependent. The genus Methylobacterium uses methanol as its carbon and energy source, a C1 
